ABSTRACT We reviewed the application of carbaryl (1-naphthyl N-methylcarbamate) against bark beetles (Scolytidae) in forest trees (Pinaceae) of North America. Our objective was to encapsulate carbarylÕs 30-yr history of successes and limitations against these beetles and to present appropriate safety and environmental information that relates to this usage.
EVERY YEAR MILLIONS of trees in the family Pinaceae are killed by bark beetles (Scolydidae), which are among the most destructive forest insects in North America. estimated that 54% of the natural deaths of conifers was the result of bark beetles. This destruction represents a direct loss of revenue for timber owners, and in the case of public lands, reduces recreational opportunities, modiÞes wildlife habitat, affects water quality, increases the hazards of wildÞre and often releases unwanted understory plants.
Much is known about bark beetles that kill healthy trees, and other associated bark beetles that share the same hosts (Smith et al. 1993) . Primary bark beetles attack and kill healthy trees by mass colonization (Coulson 1979 , Raffa et al. 1993 , Paine et al. 1997 . Major losses of forest resources most often result from the activity of primary beetles. In certain situations, semiochemical-based suppression tactics are used for bark beetle population management (Browne 1978 , Borden 1982 , Borden and Lacey 1985 , Payne and Billings 1989 , Shea et al. 1992 , Holsten 1994 , Ross and Daterman 1994 , Werner 1994 , Werner and Holsten 1995 , Salom et al. 1995 , Goyer et al. 1998 . Strategies for controlling bark beetles include silvicultural prescriptions that promote healthy stands, behavior-modifying chemicals, and chemical pesticides that can be used to protect high value trees in seed orchards, and shade trees in yards, parks, and campgrounds.
Carbaryl (1-naphthyl N-methylcarbamate) is one of the most effective and environmentally safe insecticides used to prevent bark beetle attacks. It is referred to in this review as Sevin 4-oil, Sevin brands XLR, SL, 80S, Sevimol, and SevimolÐ 4. It is currently registered with the Environmental Protection Agency (EPA) for controlling Ips engraver beetle, mountain pine beetle (Dendroctonus ponderosae Hopkins), roundheaded pine beetle (D. adjunctus Blandford), spruce beetle (D. rufipennis Kirby), and western pine beetle (D. brevicomis LeConte). According to EPA Label No. 264 Ð335, it is also registered for controlling Ϸ90 other insects that cause problems in trees and ornamentals.
The federal government regulates pesticide use under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). FIFRA regulations require that all pesticide products be registered by the EPA prior to sale and/or use. Before EPA registration a pesticide is tested for its effects on health and safety, and for efÞcacy in controlling pests. FIFRA was amended in 1996 by the passage of the Food Quality Protection Act. Under this new law, the EPA sets residue tolerances for domestic and imported raw and processed foods, including drinking water and other nonoccupational sources, with respect to cumulative exposures for all pesticides having the same mode of action. Forest pest managers are concerned that the option of using carbaryl to protect individual trees may be lost because it is included with other cholinesterase inhibitors under this Act.
This review touches on the toxicological properties of carbaryl, and documents its efÞcacy over the past 30 yr when used as a protective and remedial treatment against bark beetles attacking conifers. We describe carbarylÕs nontarget effects on soil fauna when used to control bark beetles, and give limited information on its target and nontarget effects when applied aerially. We also describe its environmental fate within varying forest ecosystems. The biochemical basis for carbarylÕs success against the spruce beetle and its limitations against the southern pine beetle is presented.
Toxicology. Carbaryl inhibits the enzyme, acetylcholinesterase, in a manner similar to organophosphates, but the enzyme-inhibitor complex breaks down approximately Þve-fold faster. In addition, unlike the phosphorylated enzyme, the carbamylated enzyme does not " age." The aging process prevents enzyme regeneration even when the antidote is administered. Thus, carbaryl is safer toward warmblooded animals than most organophosphate insecticides.
Another factor that increases the safety of carbaryl is its low solubility (Ϸ40 ppm) in water. Although this has challenged formulators, it is an important environmental safety characteristic. Carbaryl is generally regarded as posing little or no threat to warm-blooded animals because it is readily adsorbed onto soil where it rapidly breaks down (Shealy et al. 1997) . However, most soils where Pinaceae grow are quite acidic (pH Ͻ 6.0) and under these conditions the degradation of carbaryl is slowed. Carbaryl and 1-naphthol, its hydrolytic metabolite, have low mobility, especially in soils with high clay content (Somasudaram et al. 1991) . Because they form soil-bound residues (Murthy and Raghu 1988), they are unlikely to contaminate ground water. Reduction in carbaryl residues is accelerated by hydrolysis in ßooded soils pretreated with 1-naphthol (Rajagopal et al. 1986 ).
Cranmer (1986) extensively reviewed the toxicological aspects of carbaryl; this included all of Union CarbideÕs information and the Russian literature that had never been reviewed. He drew the following seven conclusions from these Ͼ20,000 pages: (1) that carbarylÕs potent anticholinesterase activity could kill mammals only by forced oral administration and that sublethal doses (10 Ð100 mg/kg) could cause profound but reversible neurotoxic effects and that dietary exposure presented no risk of neurotoxicity; (2) that developmental toxicity occurred in the guinea pig, rabbit, and dog only at levels causing toxicity in the pregnant female, and there was no such effect in monkeys and the risk in humans "is vanishingly small" as exposure levels would be so high that all sorts of cholinergic symptoms would result; (3) that with respect to mutagenicity, there is no in vivo information which would support the likeliness of heritable problems occurring in future generations; (4) although N-nitrosocarbaryl is carcinogenic at high doses, it does not represent a signiÞcant oncogenic risk factor; (5) although carbaryl like many xenobiotics can cause enhanced viral growth in tissue culture, extrapolating to in vivo human expectations is unresolved; (6) despite its high use and availability, there have been only very rare incidences of human mortality. "Epidemiological studies have shown no symptoms of delayed neurotoxicity, dysmorphic sperm or viral enhancement in humans exposed to carbaryl;" (7) that risk analysis of N-nitrosocarbaryl is well below levels of concern by regulatory agencies. For additional toxicological information, see Baron (1991) .
Efficacy of Protective Sprays Against Western Bark Beetles. In 1977, Smith et al. reported on the effectiveness of oil and water suspensions of lindane, chlorpyrifos, and carbaryl against the western pine beetle, mountain pine beetle, and the roundheaded pine beetle in bolt bioassays and in standing trees to which a source of attraction was added (beetles in bolts). Two percent water suspensions of carbaryl were 100% effective in preventing attack on sprayed bark in Colorado in 1972. In 1973, there was some failure (two out of 10 trees were heavily attacked) but it appeared that there may have been a problem in mixing the carbaryl. In 1975, a well-agitated carbaryl mixture protected all trees even though there was a high population of beetles. In Idaho, the 2% carbaryl in oil was comparable to lindane, and 2% water suspensions were equal to chlorpyrifos. All insecticides were less effective in California and Colorado than in Idaho and Nevada where lower temperatures and dryer conditions prevailed.
In 1977, Gibson did a preliminary study of three insecticides for preventing mountain pine beetle attacks on ponderosa pine. Carbaryl at 2% in water appeared effective, later Gibson and Bennett (1985) compared 2% carbaryl (Sevimol-4) to the standard lindane at 1.3% in the Targhee National Forest, ID. Carbaryl provided two seasons of protection from the mountain pine beetle, and lindane was ineffective even during the Þrst ßight season.
McCambridge (1982) reported that 2% carbaryl was as effective as lindane in protecting ponderosa pines from mountain pine beetle, and additionally, unlike trees treated with lindane, there were no pitch tubes on the carbaryl-treated trees. Chlorpyrifos-methyl showed promise at 2 and 4% concentrations while chlorpyrifos and methoxychlor were both ineffective at 2%. Hall et al. (1982) , in looking for alternatives to lindane, found that 4% chlorpyrifos, and 1, 2, and 4% carbaryl were effective in protecting ponderosa pine from attack by western pine beetle for up to 4 mo in the Sierra Nevada Range (elevation 750 Ð1700 m). It appeared that carbaryl would protect trees for 1 yr, but lack of mortality in untreated trees prevented a deÞnitive conclusion.
Hall (1984) sprayed standing ponderosa pines with 1, 2, and 4% carbaryl (SevimolϪ4) and chlorpyrifos and baited the trees with semiochemicals to "call in" D. valens LeConte. Only the 4% carbaryl was effective in protecting trees from attack. Further tests at 3 mo and 1y with different concentrations and formulations of carbaryl (0.5, 1, and 2% Sevimol and 2% Sevin XLR) indicated that Sevin XLR was superior to other materials, but efÞcacy lasted only 3 mo. Haverty et al. (1985) studied the effective residual life of carbaryl after fall and spring applications against the western pine beetle on ponderosa pine. They concluded that 2% Sevin brand XLR applied in the spring maintained tree mortality under 10%, their criterion of effectiveness. Other applications, 1% Sevimol and 0.5% Sevimol, were judged ineffective, although each had levels of tree mortality signiÞcantly less than the untreated controls. Shea and McGregor (1987) compared 2% suspensions of Sevimol and Sevin brand XLR to Þnd a re-placement for Sevimol after its removal from the market. They also used two lower rates (0.5 and 1%) to establish minimal effective concentrations. They concluded that the Sevin brand XLR formulation was as effective as Sevimol in protecting ponderosa pine from mountain pine beetle attacks at 1 and 2% for two ßight seasons. Also, both 0.5% carbaryl formulations provided protection for one ßight season.
In south-central Alaska the spruce beetle has been in outbreak status on white and Lutz spruce [Picea glauca (Moench) Voss and P. glauca ϫ lutzii Little] since 1984. Werner et al. (1986) evaluated carbaryl (1 and 2% Sevin SL) and lindane (0.5%) as protective sprays for individual high value trees. Trees were sprayed to a height of 12 m using a hydraulic sprayer to the point of run-off, and both treated and untreated trees were baited with frontalin. Visitation was monitored with sticky traps and all trees were monitored for attacks. The persistence of lindane residues was quantiÞed by gas liquid chromatography (GLC) (Hastings et al. 1989) , and carbaryl was quantiÞed by high performance liquid chromatography (HPLC) (e.g., Jones et al. 1994) . Both concentrations of carbaryl and the 0.5% lindane remained on the bark of white and Lutz spruce for 27 mo or three growing seasons.
Haverty et al. (1998) evaluated esfenvalerate and cyßuthrin as possible replacements for carbaryl. In Montana, treated trees were lodgepole pine and the insects were mountain pine beetles. In Idaho and California, treated trees were ponderosa pine and the insects were western pine beetles. The boles of these pines were sprayed, and aggregation pheromones were placed on both treated and control trees in synchrony with beetle ßights. EfÞcacy was determined immediately after spray, at the end of the Þrst season and after 14 mo. In Montana, 0.025% esfenvalerate protected trees for only one season, but cyßuthrin at 0.025, 0.05 and 0.1% provided protection for two seasons, as did carbaryl at 1% (Sevimol and Sevin SL). In Idaho, esfenvalerate (0.012, 0.25%) and cyßuthrin (0.025, 0.05, 0.1%) protected trees for one season, and cyßuthrin (0.05, 0.01%) and the two carbaryl formulations at 2% provided protection for 1 yr. At 15 mo, only 0.1% cyßuthrin and 2% Sevimol were effective.
Remedial Control of Dendroctonus. The idea that reducing emerging Dendroctonus (beetles within the bark) may help prevent their spread was investigated for a number of years. Spraying diesel or diesel fuel plus BHC (benzenehexachloride) or its gamma isomer, lindane, on trees that were infested with Dendroctonus bark beetles reduced their emergence (Gibson 1943 (Gibson , 1957 Lyon and Swain, 1968; Jump and Tsao 1973) . However, Williamson and Vite (1971) reported these pesticides also kill the natural enemies of the southern pine beetle (D. frontalis Zimmermann), e.g., Thanasimus dubius (F.), Temnochila virescens (F.), Medetera bistriata Parent, Heydenia unica Cook & Davis, Roptrocerus eccoptogasteri (Ratzeburg), Spathius pallidus Ashmead. This occurred because trees were treated with insecticides after beetles were under the bark. The bark protected the beetles, but the parasites and predators that cued in on the southern pine beetle communication system, landed on the insecticide-treated bark, searched for prey for extended periods, and received high levels of the toxicant. They theorized that the use of these pesticides perpetuated the long-standing outbreak of southern pine beetle in East Texas. However, lindane was registered for remedial control of bark beetles but controversy associated with this long-residual material (Koerber 1976) resulted in research for safer insecticides (Kinzer and Reeves 1985) . Ragenovich and Coster (1974) evaluated aqueous solutions of 0.12% acephate, 1.1% propoxur, 0.25% lindane, 2.2% carbaryl, 0.8% phosmet and 1% diazinon for remedial control of the southern pine beetle. Only lindane killed southern pine beetle brood within the bark, but when emerged beetles were held in petri dishes few survived the phosmet, diazinon and carbaryl treatments. Carbaryl killed 97% within 48 h.
Werner and Holsten (1992) evaluated 2% concentrations of Sevin SL, Sevin 4-oil, Sevin 80S in water, Sevin 80S in diesel, and 100% diesel alone as remedial sprays against spruce beetle in Lutz spruce containing either Þrst or second-year brood. They found that Sevin 80S in diesel was most effective against Þrst-year larvae (91% mortality); it was also the only formulation affecting Þrst-year pupae (50% mortality). Sevin SL caused 100% mortality of emerged Þrst-year beetles while Sevin 80S in diesel killed 88%. Only diesel alone and Sevin 80S in diesel killed unemerged beetles (68 and 60% mortality, respectively); for second-year beetles, only Sevin 80S in diesel was effective (75% mortality). Thus, the authors recommended that Sevin SL and Sevin 80S in diesel be registered for remedial control of spruce beetle in spruce.
Differential Toxicity of Carbaryl Toward Selected Eastern and Western Bark Beetles. An inability to control eastern bark beetles, particularly the southern pine beetle, prompted studies to understand and possibly remedy this situation. Topical LD 50 values of carbaryl toward the southern pine beetle range from 25.8 g/g (Zhong et al. 1994b ) to 129.2 g/g (Hastings and Jones 1976). Topical LD 50 values for the spruce beetle were reported as low as 4.2 g/g (Zhong et al. 1995b ) and as high as 150 g/g (Werner et al. 1986 ). The topical LD 50 toward Ips grandicollis (Eichhoff) was 176.7 g/g (Kislow et al. 1979) . In a Þlter paper bioassay, carbaryl was highly toxic toward southern pine beetle (LC 50 0.14 g [AI]/liter) at 48 h, but the LC 50 increased to 9.9 g (AI)/liter with pine bark as the substrate, suggesting that the bark was providing a refuge. Berisford et al. (1981) reported that a 2% (AI) spray of carbaryl on standing trees was ineffective in preventing southern pine beetle attack in Georgia.
The discrepancy in carbarylÕs toxicity toward eastern and western bark beetles was examined by studying itÕs penetration and metabolism in southern pine beetle and spruce beetle. Zhong et al. (1994a) developed a method that allowed the simultaneous quantiÞcation and detection of nanogram amounts of carbaryl and its metabolites within these two beetles. Both species absorbed carbaryl in a bi-phasic manner.
Phase I (the fast phase) was similar in both with half-lives of 0.46 and 0.63 h for southern pine beetle and spruce beetle, respectively (Zhong et al. 1995b) . However, at the equilibrium points in Phase II, the internal concentration of carbaryl and itÕs metabolites in spruce beetle was almost twice (40%) that in the southern pine beetle (21%). A metabolic comparative study indicated that the metabolic pathways are similar, but internal extracts from the spruce beetle had concentrations of carbaryl at 15% at 2 h; this increased to 30% by 12 h without a major increase in excretion. Carbaryl concentration in the southern pine beetle peaked at 11% at 2 h; concentrations then decreased while conjugated metabolites increased. Thus, the relatively slow accumulation of carbaryl inside the southern pine beetle, the efÞcient conversion of carbaryl into metabolites, and a moderate rate of metabolite excretion accounted in part for the tolerance of southern pine beetle toward carbaryl (Zhong et al. 1995a ). These studies suggest that carbaryl may require a mix-function oxidase synergist and a formulation allowing better cuticular penetration to effectively control the southern pine beetle.
The Effects of Carbaryl Against NonTarget Organisms. Stegeman (1964) followed the effect of various concentrations of carbaryl on forest soil fauna by uniformly spraying the forest ßoor with a Hudson portable sprayer (4.2 kg/cm 2 ) in a red-pine plantation and a mixed hardwood stand near Syracuse, NY. Applications were made in the spring, and population densities of mites and Collembola were determined monthly until October (Collembola) or November (mites). He found no difference in mite populations between control, diluent treated (No. 2 fuel oil), and carbaryl treated (1.4 kg/ha) plots. At higher unrealistic concentrations (11.2 and 56.0 kg/ha), the reduction in initial populations of mites was directly related to carbaryl concentrations. Higher rates also led to greater rates of recovery in these populations, presumably by reducing predators or competitors. Collembola were quite sensitive, being reduced by the diluent and at all carbaryl levels with only slight increases in populations detected in the mixed hardwood stand after four mo. In the red-pine plantation, results were ambiguous because populations in all treatment plots, including the controls, were depressed through the last sampling period.
Hoy and Shea (1981) studied the effects of lindane, chlorpyrifos and carbaryl on a California pine forest soil arthropod community by spraying normal levels of insecticide, and levels Þve times greater than would be used during a bark beetle spray operation. The higher levels were used to assure measurable mortality. Like Stegeman (1964) , they found that Collembola were quite sensitive to carbaryl, but lindane and chlorpyrifos were even more toxic. The lowest rate of chlorpyrifos obliterated collembolan fauna even at 138 d after treatment. They concluded that carbaryl was the least disruptive to the soil arthropod community of the three insecticides tested. Schulze et al. (2001) reported that granular carbaryl applied at 4.5 kg/ha in oak and mixed oak-pine forests, in central New Jersey, reduced Collembolans for 12 wk.
Coster and Ragenovich (1976) studied the effects of 0.12% acephate, 1.1% propoxur, 0.25% lindane, 2.2% carbaryl, 0.8% phosmet and 1% diazinon on daily emergence from treated tree bolts of eleven parasite and predator associates of the southern pine beetle. The authors concluded that only diazinon signiÞcantly reduced the total number of associates emerging from treated pines. However, back-transformations of analysis of variance (ANOVA) indicated that lindane, carbaryl and phosmet did not differ from diazinon with respect to reducing these associates. Although the relative importance of beneÞcial species in regulating southern pine beetle populations is uncertain, this study suggested that an evaluation of insecticidal effects on these beneÞcial populations could be important. Swezey et al. (1982) evaluated the nontarget effects of topically applied carbaryl, lindane and chlorpyrifos on two coleopteran predators of the western pine beetle, Enoclerus lecontei (Wok) and Temnochila chlorodia (Mann). Carbaryl was relatively nontoxic toward E. lecontei and less toxic than either lindane or chlorpyrifos toward T. chlorodia.
Effects of Aerial Applications Against Target and Nontarget Species. Much of the safety information regarding the use of carbaryl in forests has been acquired after aerial applications for controlling defoliators. Some of this information is presented in an effort to make this a balanced assessment of the use of carbaryl in forests. However, under normal bark beetle spray operations, (precision, target-speciÞc applications using high-pressure hydraulic sprays) most residues are found within 1Ð2 m from the base of sprayed trees (Haverty et al. 1983 , Hastings et al. 1989 ). Because only selected high-value trees are sprayed, far less contamination occurs than in aerial spray programs. Haverty et al. (1983) calculated that only 0.15% of the acute dermal LD 50 would come in contact with a worker using a hydraulic sprayer to treat 150 trees. Assuming the worker wears proper protective clothing, the amount of spray reaching the skin would be negligible.
In 1983, carbaryl was applied by helicopter at 1.12 kg/ha (Ϸ1.0 lb/acre) to suppress populations of the western spruce budworm (Choristoneura occidentalis Freeman) in the Blue Mountains of eastern Oregon. Murphy and Croft (1990) studied the effect of carbaryl on ground-foraging and arboreal-foraging ants in replicated 0.75-ha sprayed and unsprayed plots. The amount of foraging was signiÞcantly reduced in most arboreal-and ground-foraging ant predators, although the magnitude of the effects varied by species. Also, ant species diversity decreased in sprayed plots. There were no data collected regarding long-term effects of carbaryl on these ant predators. However, in this same study area, Torgersen et al. (1995) evaluated the longterm (7 yr) effects of this single application of carbaryl on budworm populations, defoliation, and tree radial growth. Although treated sites had lower budworm numbers in 1983 and 1984, from 1985 to 1989 the treated sites had signiÞcantly higher populations than controls. This resurgence was believed to be the result of immigration from extensive budworm reservoirs. The early reductions in budworm numbers (1983 and 1984) were accompanied by a reduction in defoliation, and there was no difference in radial growth between treated and untreated areas.
Carbaryl (Sevin 4-oil) was aerially applied at 560 g/ha in 1991, and 448 g (AI)/ha in 1993 to a North Dakota rangeland (Beyers et al.1995) . Carbaryl levels in water were monitored and its effects on aquatic invertebrates, and brain acetylcholinesterase in Þsh were measured. A 152-m no-spray buffer was maintained around the Little Missouri River from which biological and physical measurements were taken. Fish brain acetylcholinesterase was not signiÞcantly inhibited by the levels of carbaryl in the water. Carbaryl concentrations in water were ephemeral: in 1991 at 1 h after application, carbaryl was 85.1 g/liter and 96 h later it was 0.1 g/liter; for 1993 at 1 h after application, carbaryl was 12.0 g/liter and 96 h later it was 5.14 g/liter. In 1991 (a droughty season), carbaryl caused some Ephemeropteran drift; this did not happen in 1993, a year with plenty of rain. The authors concluded after rigorous analysis that the Ephemeropteran drift probably represents a "worst case situation" because of low discharge in the Little Missouri River in 1991. It was suggested that under such conditions (as existed in 1991) that larger buffer areas be used or another type of application be considered.
Enviromental Fate. Recently a forestry dissipation study was conducted by Rhone-Poulenc in accord with EPA Pesticide Assessment Guidelines within the Cascade Range in Hood River County, Oregon (EPA 1994) . This involved a single aerial application (helicopter) of Sevin 4-Oil ULV at the maximum labeled rate of 2.2 kg (AI)/ha. The extent of dissipation and mobility of carbaryl under actual forest conditions were determined in samples of stream and pond water, stream and pond sediments, forest foliage, leaf litter, soil beneath the leaf litter, and unprotected (bare) soil. Neither the stream nor pond was in the spray zone, but trace residues of carbaryl were found in the stream and in the area immediately adjacent to the stream on the day of application. No residues of carbaryl were found in the pond, in the area immediately adjacent to the pond, or in pond or stream sediments. Residues were found at near the expected level on both the fallow (bare) soil and the forest foliage. The half-life of the carbaryl on the forest foliage, litter, and soil was, respectively, 21, 75, and 65 d. Due to the minimal precipitation in this normally arid area, there was no vertical movement of the insecticide.
Dissipation in the soil was slower than observed under agricultural conditions where a half-life of less than 30 d was observed. The authors reasoned that the half-life of residues on forest foliage was longer because of the lack of rainfall and due to the slower growth of trees as compared with agricultural crops.
The dissipation and movement of carbaryl in soils from wet and dry sites in boreal (south-central Alaska), temperate (northwestern North Carolina), and Mediterranean (east-central California), ecosystems was determined by HPLC analyses at 1, 30, 60, 90, 365, and 485 d after applications of aqueous 2% carbaryl to forest soils (Hastings et al. 1998) . The highest levels of carbaryl occurred within the uppermost soil layers (2.54 cm) of each site. The greatest persistence was recorded at the North Carolina (NC) dry site under a closed pine canopy. The soil moisture of this site was intermediate between the arid California (CA) sites and the wetter Alaska (AK) sites. The order of carbaryl persistence in the remaining sites was CA dry Ͼ CA wet Ͼ AK wet Ͼ NC wet Ͼ AK dry. Soil moisture and temperature, and air temperature and humidity were monitored at all sites for two seasons (JuneÐSept. 1993 and MayÐSept. 1994) . These weather parameters were interactive and somewhat complex. However, these data gave some rationale for carbarylÕs persistence in different ecosystems, i.e., the greater persistence in CA soils than in AK soils was probably due to dryness. In addition, the relative humidity in CA sites was much lower than in AK sites. Further, these data allowed a plausible explanation of the greater persistence of carbaryl in CA wet versus CA dry soils. These sites had almost identical air temperature and relative humidity, but the cooler (2Ð3ЊC) soil temperature in the wet site, appeared responsible for the difference.
From the same study it was determined that minimal amounts of carbaryl moved downward within any site. Only three duplicate samples exceeded Þve ppm within layer 2, 2.54 Ð15.24 cm deep (North Carolina 1 d, wet; Alaska 30 d, wet and Alaska 90 d, wet). In layer three (15.24 Ð30.48 cm deep), only two residue measurements exceeded Þve ppm (North Carolina 60 d. dry, AK, 1 d, wet). Carbaryl was persistent in the upper 2.54 cm of the soil within each ecosystem for 60 Ð90 d, and measurable levels were present in the North Carolina dry site and in the California wet and dry sites 1 yr after application. The results of this study suggest that site-speciÞc information regarding weather parameters and soil types may be important in decisions regarding the use of carbaryl in forest systems.
In summary, we reviewed the use of carbaryl in controlling bark beetles of North America. It was shown to be as good as or better than BHC, lindane, chlorpyrifos, chlorpyrifos-methyl, and methoxychlor in controlling most of these bark beetles. Because carbaryl is much safer than most pesticides used in forestry, it can be registered at higher concentrations and because of its low cost, it remains a good choice for control purposes. One of the limitations of carbaryl is its lack of toxicity toward the southern pine beetle. This beetle has a high degree of tolerance for this insecticide. The toxicological literature indicates that carbaryl is moderately toxic to man and there is little likelihood of any adverse effects when applied according to label. Carbaryl may be safely applied to trees for bark beetles provided applicators wear proper protective clothing. The negative effect of attempts to reduce bark beetle populations in east Texas, in the 1960s, has virtually eliminated the widespread use of pesticides for bark beetle control. However, carbaryl is commonly used on selected high value trees for preventing bark beetle attack and it is still recommended as a remedial spray against some western bark beetles. This review has shown that carbaryl is persistent under certain forest conditions and toxic to parasites and predators of bark beetles. However, when carbaryl was compared with other chemicals (lindane and chlorpyrifos) that are used against bark beetles, it was least disruptive toward soil arthropod communities. Some of the recently developed pyrethroids are being evaluated as replacements for carbaryl, but carbaryl remains among the safer and most effective insecticides used in controlling bark beetles.
